Two naturally selected microbial populations were maintained under continuousflow conditions with glucose or magnesium growth-limiting. The reactors were subjected to shock loads by changing the influent substrate from L-lysine to a mixture of L-lysine and glucose, L-lysine and fructose, or L-lysine and ribose. During the subsequent transient state, the following parameters were examined: lysine chemical oxygen demand (COD), carbohydrate COD, total COD, biological solids concentration, cell protein, enzymatic capability (lysine-degrading enzymes), and the rate of lysine removal. The carbohydrate was then removed from the influent and the same parameters were examined until a new steady state was established. In all cases, glucose and fructose caused a significant repression of the synthesis of lysine-degrading enzymes, resulting in a decrease in the enzymatic capability of the cells. In the carbon-limited reactor, the faster the flow rate, the greater was the repression, whereas, in the magnesium-limited reactor, the slower the flow rate, the greater was the repression. The introduction of ribose into the reactors caused an initial increase in lysine enzymatic capability followed by a slight repression when ribose degradation started.
In our previous studies (4, 5) of the metabolic control mechanisms acting upon the enzyme system responsible for the degradation of L-lysine, all of the experiments were performed with batch-grown cultures. Because the activated sludge process used for industrial waste water treatment is a continuous-flow microbial system, the present study was undertaken to determine whether the reported effects of these mechanisms (4, 5) were also manifested under continuousflow conditions.
A carbohydrate was added to the feed of a reactor growing on lysine, and was maintained in the feed until a new steady state was established. In the same manner, a magnesium-limited reactor was operated to assess the effect on a system that could not respond to the shock load by an increase in growth rate and biological solids concentration. Experiments were run at two different flow rates (6-and 12-hr detention times) on cells growing on L-lysine and subjected to shock loads of glucose, fructose, or ribose.
MATERIALS AND METHODS Organisms. Primary clarifier effluent from the municipal sewage treatment plant at Stillwater, Okla., was used to inoculate a batch reactor in which 5,000 mg of L-lysine per liter, as chemical oxygen demand (COD), was sole carbon source. The population was allowed to grow overnight; then a 250-ml sample was transferred to each continuous-flow reactor with minimal medium containing 2,000 mg of L-lysine COD per liter. After 2 hr of growth, the pumps were started.
Media. The medium for the carbon-limited reactor contained the following: 1.0 M potassium phosphate buffer, pH 7.0, 20 ml/liter; (NH4)2SO4, 1,000 mg/ liter; Na2MoO4 2H20, 2.0 mg/liter; FeCl3 616H20, 1 .0 mg/liter; CaCl2, 15 mg/liter; MnSO4-H20, 20 mg/liter; MgSO4-7H20, 200 mg/liter; L-lysine-HCI (measured as COD), 1,000 mg/liter; and distilled water to a volume of 1 liter. In the magnesium-limited reactor, the concentrations of all components were the same as for the carbon-limited reactor except that the concentration of L-lysine-HCl (as COD) was increased to 2,000 mg/liter to ensure that carbon was not limiting. The concentration of MgSO4-7H20 was reduced to 5.0 mg/liter for experiments at a detention time of 6 hr and to 1.5 mg/liter for a 12-hr detention 790 BACTERIAL DEGRADATION OF LYSINE. III time. When shock loads were applied, a carbohydrate was added to the feed at a concentration of 1,000 mg/liter as COD.
Apparatus. A diagram of the continuous-flow reactor used in this study is shown in Fig. 1 . A singlestage, completely mixed, homogeneous, open-type reactor was employed (7). The reactor was cylindrical, with a nominal volume of 1 liter, had effluent discharge around the entire upper edge, and was submerged in a constant-temperature bath maintained at 25 + 0.5 C. Aeration and mixing were provided by compressed air (30 psi) which passed through a gauze trap and a water bath before entering the reactor at a rate of 3,500 ml/min through a stone diffuser. Feed was delivered to the reactors by a peristaltic pump (Sigmamotor AL-2E and AL-4E) and was injected below the liquid surface to ensure against short circuiting. To help prevent back contamination in the feed lines, a stream of air (250 ml/min) was passed through the injection tube. The injection tube and the feed line downstream from the pump were replaced daily with tubing which had been cleaned with a chromic acid cleaning solution. The feed reservoir and line upstream from the pump were cleaned every other day. No difficulty was encountered with contamination of either. The experimental and theoretical dilute-in curves for this reactor coincided, confirming that it was completely mixed. Two such units were run concurrently.
Experimental protocol. The first set of experiments was performed at a detention time of 6 hr (D = 0.167 hr-1). After all units had been shocked at D = 0.167 hr-1, the flow rates were changed, and the second set of experiments was run at D = 0.083 hr-' (detention time of 12 hr).
For the shock load experiments, the reactors were allowed to stabilize and were run at "steady state" for several detention times; then the feeds were changed by adding carbohydrate at a concentration of 1,000 mg of COD per liter (glucose, fructose, or ribose). One 25-ml and two 10-ml samples were removed periodically, directly from the reactor, and were centrifuged at 37,000 X g for 10 min in a Sorvall RC2-B refrigerated centrifuge. After centrifugation, 10 ml of the supernatant fluid from the 25-ml sample was used for the determination of COD and 10 ml was frozen for later analyses of lysine and carbohydrate. The remainder of the sample was filtered to determine the biological solids (cell) concentration. The supernatant fluids from the two 10-ml samples were discarded, and the cells were used for the determination of the specific enzymatic capability and the protein content. This procedure was followed until the new "steady state" was reached. The carbohydrate was then omitted from the feed and the sampling procedure was followed until the system had again achieved "steady state."
Methods of analysis. The methods for the determination of the biological solids concentration, COD, lysine, glucose, fructose, and ribose were the same as reported previously (4, 5) .
Cell protein. After the supernatant fluid was discarded, the cells from one 10-ml sample were resuspended in 10 ml of distilled water and stored at -15 C for later analysis. The protein content of the cell suspension was determined by the Folin-Ciocalteau method (3) .
Specific enzymatic capability. The enzymatic capability of cells harvested by centrifugation of 10-ml amounts of culture was determined as described previously (5) for adsorption of lysine on the filters. The lysine concentration in the filtrate was 87.2%/0 of the unfiltered value. This average value was based on a total of 56 samples, 28 filtered and 28 unfiltered. After correction for lysine adsorption, the final lysine concentration in the sample was subtracted from the initial value, and the results were expressed as milligrams of lysine COD removed per hour per milligram of cell protein (ECIP). The linearity of lysine removal during the 1-hr period had been confirmed previously (5) .
Methods of calculating and plotting. To show the response of the reactors to the shock load, time plots of the various parameters were used. The actual lysine removal rates in the reactors (specific substrate removal rates) were calculated and plotted for comparison with the specific enzymatic capability of the cells. The balance equation for substrate in a completely mixed, continuous-flow reactor is (7):
where f is the flow rate, V is the volume, Li is the influent lysine concentration, L is the lysine concentration in the reactor (and consequently in the effluent), and dL/dt is the rate of change of lysine concentration in the reactor measured by graphically differentiating a plot of lysine concentration versus time. During steady-state operation, dL/dt is zero. Since consumption is the total substrate used per unit time, the specific substrate removal rate with respect to cell protein is the consumption divided by the protein concentration, P. Thus the specific substrate removal rate may be expressed as:
The concentrations of extracellular metabolic intermediates in the reactors were calculated by subtracting the sum of the lysine and carbohydrate COD values from the total COD.
RESULTS
Effects of a shock load of 1,000 mg of glucose (COD) per liter upon a carbon-limited reactor at 6-hr detention time. As is shown in Fig. 2 , little glucose utilization occurred during the first 1.5 hr (the concentration was approximately equal to the theoretical dilute-in value), but after that period degradation of the carbohydrate started and was accompanied by a rapid increase in extracellular metabolic intermediates or end products, or both. The intermediates continued to increase in the medium for the first 6 hr, and repression of synthesis of lysine-degrading enzymes occurred. Consequently, by the end of the 6-hr period, the enzymatic capability and specific removal rate were so low that lysine had started to accumulate in the reactor. It should be noted that up to this point no significant change in protein or biological solids concentration had occurred. The enzymatic capability continued to decrease during the first 28 hr, allowing lysine to accumulate in the medium until its concentration was 65 % of the influent value. At that time, the combination of high lysine concentration and low (50 mg/liter) intermediate concentration allowed the repression to be diminished, since ECIP began to increase and reached a new value of approximately 0.30. When this occurred, there was another increase in growth rate. After 45 hr (over seven detention times), all incoming lysine was again being metabolized, and the system was approaching a steady state.
At the new steady state, there was a change in the physiological characteristics of the cells, because the protein was a more normal 55 % of the cell mass rather than 85%, as it had been prior to the shock. The yield had increased, as evidenced by the fact that during the shock the combination of 1,000 mg of lysine COD per liter plus 1,000 mg of glucose COD per liter produced 1,000 mg of cells per liter (50% yield), whereas before the shock the 1,000 mg of lysine COD per liter had produced only 200 mg of cells per liter (20% yield). Prior to the shock, the enzymatic capability with respect to protein (ECIP) had been somewhat erratic. At the new steady state, EC/P was 0.30, or 35% of the value immediately preceding the shock. During the transient phase, when the repression of the lysine-degrading enzyme system was severe, the EC/P reached a minimal value of 0.15. After the shock was removed, there was a washout of the excess cells until a new steady state was reached. The EC/P of the culture did not increase as rapidly as the specific substrate removal rate; this could indicate that a large amount of lysine was being used for protein synthesis, or that lysine was being accumulated in the cells.
A second experiment was performed with glucose, but it was carried out only to the point of maximum lysine accumulation; to that point the response was essentially identical to that of the experiment shown in Fig. 2 .
Effects of a shock load of 1,000 mg of glucose (COD) per liter upon a carbon-limited reactor at 12-hr detention time. When the glucose shock was applied at this flow rate, a less severe transient response ensued (Fig. 3) . Glucose , only a small increase in lysine concentration in the effluent was detected.
As in the experiments at the higher dilution rate, there was a physiological change in the culture, resulting in a decrease in the per cent protein (to a more normal value), and an increase in cell yield at the new steady state. The repression was not as severe at the lower flow rate because the ECIP did not "overshoot" but stabilized directly at the new "steady-state" value. After the shock was removed, ECIP returned to a value slightly higher than that prior to the shock.
Effects of a shock load of 1000 mg of glucose (COD) per liter upon a magnesium-limited reactor at 6-hr detention time. When glucose was introduced into the reactor (Fig. 4) Effects of a shock load of 1,000 mg of glucose (COD) per liter upon a magnesium-limited reactor at 12-hr detention time. Because of the greatly increased yield at slower growth rates when magnesium is limiting, the magnesium concentration in the medium was decreased to maintain approximately the same level of cells (10, 11) .
However, the final concentration of cells in the reactor was lower than at the 6-hr detention time (Fig. 5) . Prior to the shock, EC/P was 0.60, and it was reduced to approximately 0.15 owing to metabolism of glucose. Except for the greater degree of repression at the lower dilution rate, the responses of the two magnesium-limited systems were similar; i.e., there was a lag in glucose utilization and a decrease in ECIP which occurred only after glucose utilization and the buildup of intermediates had begun. More lysine was replaced at the higher detention time, 900 mg of COD per liter, compared with 750 mg/liter at the 6-hr detention time. After release from the shock, all system parameters returned to their preshock levels.
Effects of shock-loading with fructose and ribose. Experiments similar to those with glucose were conducted with fructose and ribose as the shock loading ( Table 1 ). The degree of repression of synthesis of lysine-degrading enzymes varied with the substrate applied as a shock load. Fructose was less efficient in repressing utilization of lysine than was glucose, and ribose caused only slight repression. For fructose and ribose, the degree of repression was not greatly affected by dilution rate or by the nature of the limiting nutrient, although both of these factors significantly influenced the degree of repression caused by glucose. DISCUSSION Measurements of the levels of lysine-degrading enzymes in cells from continuous-flow reactors subjected to shock loading with glucose, fructose, or ribose have shown that catabolite repression has a significant effect upon the metabolism of lysine in these systems. Previous studies (4, 5) of the same compounds in batch cultures of lysinegrown cells had shown that fructose was much less effective than was glucose in repressing the synthesis of enzymes required for lysine-degradation, whereas ribose was slightly stimulatory. In continuous-flow reactors, the effectiveness of glucose was of approximately the same magnitude as in batch systems, and fructose and ribose were more effective than in batch systems. In both types of reactor, the degree of repression depended upon the carbohydrate used, and the relative effectiveness of the three sugars was the same in both systems, i.e., glucose > fructose > ribose.
A twofold variation in dilution (growth) rate or a change in the limiting nutrient had little effect upon the degree of repression exerted by fructose or ribose. However, the degree of repression due to glucose varied with both dilution rate and limiting nutrient. In a carbon-limited reactor, a greater degree of repression was observed at the higher dilution rate, whereas the opposite effect of dilution rate was observed in a magnesiumlimited reactor. Similar relationships have been reported in other studies. Boddy et al. (2) reported that repression of amidase synthesis in Pseudomonas aeruginosa 8602 growing in a carbon-limited chemostat was greater at high flow rates than at low flow rates. They suggested that a greater production of metabolic intermediates at the higher flow rates caused the greater repression. Baidya et al. (1) and Harte and Webb (6) studied the effect of flow rate upon catabolite repression in two-stage reactors with Klebsiella aerogenes, and have found that repression increased with flow rate for lactose or maltose in combination with glucose. Conversely, in nitrogen-limited chemostats, Mandelstam (9) showed that at lower flow rates the repression of /3-galactosidase synthesis in Escherichia coli was greater than at high flow rates. Thus, it would appear that the type of growth limitation imposed on the cells in a continuous-flow reactor plays a significant role in determining the response to "shock loads" at different flow rates.
In considering the effect of dilution rate and limiting nutrient upon the degree of catabolite repression exerted by glucose, the role of each of these factors in determining the level of accumulated metabolic intermediates is of particular importance. The organisms in a carbon-limited system can respond to an increased concentration of influent carbon source by increasing their growth rate (up to gn) during the ensuing transient state. The greater the dilution rate, the smaller is the difference between the rate of supply of the excess carbon source and the maximal possible growth rate. Thus, the concentration of the metabolic pools can be expected to be higher. When the new steady state is attained, the concentration of metabolic intermediates in the pool will again be related to the dilution rate. Since the system is carbon-limited the lower dilution rate will allow less accumulation of internal metabolites. Thus, if the pool contains the catabolite repressor, the slower the flow rate is, the lower will be the level of the repressor and the less severe the repression. However, in a biosynthetically restricted medium (e.g., magnesiumlimited or nitrogen-limited), the organisms cannot respond to an increase in influent carbon source by an increase in growth rate, because the ratelimiting substance has not changed. In such a system, the lower the flow rate is, the lower is the rate of biosynthesis. Thus, if an easily-degraded carbon source is added, the lower the flow rate is, the greater is the disparity between the rates of catabolism and anabolism, and the higher the level of the metabolite pool is, leading to more severe repression.
The introduction of glucose into the feed of continuous-flow reactors containing heterogeneous microbial populations growing on sorbitol or glycerol causes severe disruption of metabolism of the substrate (8) . The severity of the response to the glucose shock load was a function of the dilution rate (unpublished data). As in the present investigation, accumulation of metabolic intermediates in the medium was observed after the application of the shock load. Excretion of metabolic intermediates does not necessarily accompany repression. When it does occur, it may indicate high concentrations of these metabolites in the internal pools of the cells.
The similarity of the results obtained with heterogeneous populations when sugar alcohols and an amino acid were used emphasizes the sig-nificance of growth rate, or dilution rate, in determining the response of a microbial population to shock loadings which involve changes in the composition of the feed (or waste) stream, i.e., qualitative shock loads. It is apparent that the effect of reactor detention time on the ability of biological waste treatment systems to withstand qualitative, quantitative, and combined shock loads can be explained on the basis of our results.
Since most waste treatment systems are designed as carbon-limited reactors, the effects of qualitative shock loads could be mini ed by designing them for longer detention times. However, in the treatment of industrial wastes deficient in one or more essential nutrients, e.g., nitrogen or phosphorus, which must be added to the waste stream, a combined qualitative and quantitative shock load may readily convert a carbonlimited system to one limited by nitrogen or phosphorus. In such cases, longer detention times would lead to more severe disruptions of treatment efficiency.
